INTRODUCTION
Proteins are the basic building components of the cell that carry out diverse functions such as catalyzing chemical reactions as enzymes, binding other molecules as receptors, and forming structural components. Physical associations between different proteins, so-called protein-protein interactions (PPIs), are an essential aspect in all biological pathways and signaling mechanisms, and are strongly predictive of functional relationships. Mapping of PPI networks is particularly useful for the functional annotation of the large number of newly identified open reading frames (ORFs) that were identified in the recent sequencing of the human genome and the genomes of various model organisms. The exploration of PPIs on a large-scale or global level is referred to as interactive proteomics, cell-map, or interaction proteomics (1, 2) . Analysis of protein assemblies can also be considered as one part in the wider context of structural proteomics, which is the systematic analysis of protein structure and folding (3, 4) . Establishing networks of PPIs will eventually lead to a better understanding of cellular pathways and functional associations and allow a more holistic view of the cell, as opposed to the classical one-protein-at-a-time approach.
Indeed, the recent exploration of entire interactomes from different organisms was a consequence of the development of technologies that allowed the assessment of PPIs on a high-throughput (HTP) level. In this review, we begin with the current state of interactive proteomics research, describing established mature technologies like yeast two-hybrid (Y2H) and affinity purification-mass spectrometry (AP-MS), which have been applied for genome-wide or pathway-specific screens in different model organisms and in human cells. We then present emerging technologies, including in vivo methodologies (Y2H derivatives, protein fragment complementation in mammalian cells, detection of PPIs by fluorescence and bioluminescence) and biochemical approaches (MS-based methods, largescale analysis of tagged arrays). We discuss these methodologies in the context of future directions in interactive proteomics, considering the extension of large-scale approaches into mammalian organisms, and the application of interactive proteomics for drug discovery and research on human diseases. Unfortunately, space restrictions leave us unable to discuss technologies that are currently used to explore PPIs in vitro. This includes the protein-chip technology that has emerged as a powerful tool for the parallel analysis of protein interactions and biochemical activities (5, 6) . Likewise, we refer the reader elsewhere for excellent reviews on protein engineering and phage display (7) (8) (9) . We will also not discuss data interpretation and the analysis of network topologies that are addressed by bioinformatics (10, 11) .
GENETIC METHODS FOR THE ANALYSIS OF PROTEIN INTERACTIONS Yeast Two-hybrid Assay
In the time since Song and Fields devised their original interaction trap assay in 1989 (12) , the Y2H system has become the most widely used method to assess both individual PPIs and entire interactomes. Y2H is very cost effective, convenient to use, and easily adaptable for HTP screening procedures. Exploiting the modularity of eukaryotic transcription factors, a known protein (bait) protein is fused to the DNA-binding domain (DBD), and an interacting protein (prey) is fused to the activation domain (AD) of a transcriptional activator ( Figure 1A) . A physical interaction between bait and prey leads to the activation of a reporter gene construct that serves as a selection marker. Using the yeast transcription machinery as a vehicle, physical interactions between proteins from any other organism can be easily monitored. However, a major drawback in Y2H is false-positive interactions that occur upon self-activation of reporter genes by individual bait and prey proteins. Furthermore, since interactions between all bait and prey proteins are confined in the nucleus of a lower eukaryote, PPI analysis by Y2H suffers from a lack of contextual specificity. Consequently, a variety of methods have been developed to improve the Y2H system and adapt it for different purposes. For more reading on Y2H, we refer to the article of Ratushny and Golemis in this issue of BioTechniques (p. 655) and other BioTechniques (p. 655) and other BioTechniques reviews (13) (14) (15) .
Several years ago, two different laboratories generated a comprehensive overview of the yeast Saccharomyces cerevisiae proteome by Y2H, using matrixes with all 6000 yeast ORFs cloned into bait and prey vectors (16, 17) . Since then, Y2H screens have been done for the metazoan model organisms Drosophila melanogaster and Drosophila melanogaster and Drosophila melanogaster Caenorhabditis elegans (18, 19) and, more recently, for Homo sapiens (20, 21) .
Homo sapiens (20, 21) . Homo sapiens Because of the sheer size and complexity of the mammalian proteomes, human Y2H screens are more practical on a subgenome scale and have been centered upon specific signaling pathways or disease factors (22) (23) (24) . In one of these studies, Y2H screens were performed with bait proteins that are involved in several known inherited ataxias (23) . Inherited ataxias are neurodegenerative disorders with common clinical and pathological features. The molecular basis of these diseases, however, is not well defined. Interestingly, Y2H screens revealed that many ataxia-associated proteins share interacting partners, suggesting that these proteins are functionally connected and act in a concerted manner. This work provides an excellent understanding of how interactome studies using Y2H can help us understand common pathogenic mechanisms and identify candidate genes for complex human diseases.
As such, Y2H is still the method of choice for researchers who conduct human interactome studies, although one would expect that screening human proteins in mammalian cells would be more context-specific. Indeed, the principles of Y2H have been implemented in several versions of mammalian twohybrid approaches (25) (26) (27) . Application of the large-scale screening procedures is inherently more difficult, however, for mammalian cells than for yeast. This has mainly to do with the ease with which yeast can be manipulated, grown, and maintained. Therefore, the use of mammalian two-hybrid and its variants is currently limited to those cases that can only be addressed within the environment of the mammalian cell.
Yeast Two-hybrid in Drug Discovery
The large number of PPIs being identified by the combined efforts in interactive proteomics studies promises (red) is fused to the DNA-binding domain (DBD) of a transcriptional activator, whereas a prey protein or a library of prey proteins (blue) is fused to the activation domain (AD). A typical transcription factor in Y2H is the Gal4 activator protein. The physical interaction between bait and prey reconstitutes the transcription factor (TF), resulting in the expression of the reporter gene, thereby enabling the yeast cell to grow on selective medium. (B) Reverse yeast two-hybrid for drug screening (rY2H). Reconstitution of the transcription factor by bait-prey interaction drives a counterselectable reporter that generates a toxic metabolite and leads to cell death. A compound that interferes with the bait-prey protein interaction prevents the reconstitution of the transcription factor and rescues viability. (C) The yeast three-hybrid system (Y3H) for small molecule screening. The bait consists of a DBD fused to a protein scaffold that binds a defined small molecule with high affinity. The prey consists of an AD that is fused to a cDNA library. The yeasts are grown in the presence of a hybrid molecule that consists of a scaffold-binding molecule and a compound of interest. If a prey protein binds the compound of interest, a functional transcription factor is reconstituted and a reporter gene is activated. (D) Membrane yeast two-hybrid system (MY2H). In MY2H, integral or peripheral membrane proteins (baits) are fused to the C-terminal half of ubiquitin (Cub), followed by a transcription factor (TF). Preys (membrane or cytosolic proteins) are expressed as fusions with the N-terminal half of ubiquitin (Nub). Bait-prey interaction reconstitutes native ubiquitin, which is then cleaved by endogenous ubiquitin specific protease (UBPs, black scissors). The transcription factor enters the nucleus and activates reporter gene expression. (E) Cytosolic yeast two-hybrid system (cytoY2H). This system is also based on principles of the splitubiquitin assay but detects protein-protein interactions in the cytoplasm.
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to reveal a vast array of novel, therapeutic targets. Figure  1B ) (30, 31) . Therefore, parallel toxicity testing of the compounds is not required in the screening procedure. Commonly, the yeast URA3 gene is used as a counterselection marker, since it converts 5-fluoroorotic acid (5-FOA) into a toxic metabolite that leads to cell death. A small molecule that inhibits bait-prey interaction is expected to rescue viability in the presence of 5-FOA. An application of this screening scheme revealed that the interaction between the activin receptor R1 and the immunophilin protein FKBP12 is disrupted by the compound FK506 (30) .
Another adaptation of Y2H for drug screening is the yeast three-hybrid (Y3H; Figure 1C ). Y3H is a forward approach to screen for prey proteins that interact with a small molecule displayed by the bait, and not with the bait protein itself (32, 33) . A DBD is fused to a protein domain that binds a known compound with high affinity. This compound is part of a hybrid molecule, which has another part that binds to potential prey proteins fused to the AD. In one version, the DBD was expressed as a fusion protein with dihydrofolate reductase (DHFR) (33) , which binds methotrexate (MTX) with high affinity. The DHFR-MTX system was applied in a large-scale approach to explore human targets of kinase inhibitors (34) . Various known cyclin-dependent kinase (CDK) inhibitors were displayed in the form of MTX hybrid molecules to screen for interacting prey proteins. Known cell cycle CDKs, novel candidate CDK-like, and/or CDK-unrelated kinase targets could be identified. Many of these interactors were confirmed by independent methods. These results demonstrate that Y3H is a valuable tool in the discovery of lead compounds.
Membrane Yeast Two-hybrid Assay
Nearly one-third of all genes in various organisms encode integral membrane and/or membrane-associated proteins that are not amenable for analysis by Y2H due to their hydrophobic nature and nonnuclear localization. Our laboratory previously developed the membrane yeast two-hybrid (MY2H) system (35), which allows the identification of PPIs of membrane bait proteins with either membrane or cytosolic preys ( Figure  1D ). MY2H is an adaptation of the splitubiquitin assay that reconstitutes the two halves of ubiquitin upon interaction of bait and prey proteins (36) . Upon cleavage of the reconstituted ubiquitin by ubiquitinspecific proteases, a transcription factor is released and activates reporter gene expression in the nucleus. MY2H has been adapted for use in a matrix-based screening assay for interactors of 705 selected yeast integral membrane proteins and has identified 1985 putative interactions involving 536 proteins (37) . More recently, a modified version of MY2H called integrative MY2H assay (iMY2H) has been developed and used in the identification of six novel interacting partners of the yeast ABC transporter Ycf1p (38) . MY2H has also been used to successfully identify interactors for mammalian transmembrane proteins, which have been confirmed using other methods (39, 40) . In one example, three new interactors were identified for the human epidermal growth factor receptor ErbB3 (40) . Our laboratory is currently performing comprehensive MY2H screenings to map the interaction partners of numerous yeast and human integral membrane proteins (membrane protein interactome). Since transmembrane proteins like ion channels, G-protein-coupled receptors (GPCRs), and transporters constitute major classes of drug targets, MY2H has the potential to be a valuable tool for drug discovery and toxicology. We are currently developing novel approaches to address potential changes in interaction patterns upon drug action or ligand binding and believe that these innovations combined with improvements in the experimental strategy will fulfill the promise of this methodology within in the next five years (S. Kittanakom, M. Chuk, J. Snider, M. Rehal, B. Suter, J. Curak, and I. Stagljar, unpublished data).
The cytosolic yeast two-hybrid system (cytoY2H, Figure 1E ) is a variant of MY2H in which baits and preys interact in the cytoplasm (41) . CytoY2H can be applied for proteins that are difficult to study in the nuclear context, including transcription factors that may self-activate reporter gene expression. The cytoY2H system was used to screen a cDNA library and identify several new interaction partners of Uri1p, a previously uncharacterized yeast protein.
Protein Fragment Complementation Assays
In protein fragment complementation assays (PCA), a PPI is detected by the reconstitution of a functional reporter protein from two split nonfunctional halves ( Figure 2A) . Notably, PCA relies on the proper refolding of rationally dissected fragments and not on the docking of preformed subunits. In principle, splitubiquitin can be considered as an early application of PCA (36) . PCA fragments are designed in a way that prevents spontaneous refolding. In its original implementation, PCA is based on protein interaction-induced folding and reconstitution of the enzymatic activity of DHFR (42, 43) . Reconstitution of functional DHFR was demonstrated in vivo by selection on trimethoprim and in vitro by DHFR activity assays. A screening scheme was then devised for DHFR-PCA to detect PPIs in two different signaling pathways (44) . These were two pathways that control initiation of translation, the insulin and growth factor receptor tyrosine kinase (RTK)-mediated pathway, and a parallel pathway directed by the FK506 binding-rapamycin-associating protein (FRAP). Results revealed considerable cross-talk between the RTK and the FRAP pathways and detectable effects of drugs that target their components.
Different applications have been devised for PCA, and a variety of reporter proteins were used in the procedure (see Reference 45 for detailed review). The readouts include survival selection, reporter gene activation, and reconstitution of luminescence or fluorescence. Furthermore, PCA can be applied directly in every organism and cell type of interest. The method has matured considerably and holds a great potential in drug discovery and protein engineering (45) .
Split-TEV Assay
Split-TEV is a novel approach to monitor constitutive and regulated PPIs in mammalian cells by fragment complementation of the tobacco etch virus (TEV) protease (46) . Inactive fragments from a dissected TEV protease refold and regain activity when brought into proximity by the interaction between proteins to which the fragments are fused ( Figure 2B ). Reconstituted TEV cleaves TEV-recognition sequences in fusion protein constructs that sequester reporter proteins. The reporter protein is either a transcription factor in the transcriptioncoupled system or the light-emitting enzyme luciferase in the proteolysis-only variant. The reporter proteins are either sequestered to the cell membrane or the cytoplasm. In its first application, split-TEV was used to monitor Erb2/Erb4 receptor tyrosine kinase heterodimerization induced by neuregulin (46) . In principle, split-TEV is a PCA variant since refolding a functional enzyme depends on the PPI between bait and prey. However, TEV does not function as a direct reporter, but activates a reporter protein in an irreversible manner, thus generating a more stable readout for the TEV reconstitution. The flexibility and the modular design of the system could make it a good choice for future largescale approaches.
Tango Assay
Tango is an innovative, recently developed methodology that exploits the binding of activated receptors by known signaling proteins to monitor receptor activation and ligand binding (47) . An activated receptor recruits a signaling protein fused to the TEV protease ( Figure 2C ). Cleavage by TEV releases a transcription factor that is attached to the receptor. The irreversible release of the transcription factor converts the transient signaling event into stable transcription of a reporter gene. Tango relies solely on exogenous genes introduced into the cell and therefore avoids interference from endogenous signaling pathways. The Tango assay was modified to monitor the activity of three different classes of receptors: G protein-coupled receptors (GPCRs), receptor tyrosine kinases, and steroid hormone receptors. The Tango method was successfully used to identify a ligand for the orphan receptor GPR1 (47) . In the current form, Tango is a system to monitor receptor-ligand interactions. In the future, it may be adapted to screen for novel signaling proteins that bind to activated receptors.
Mammalian Protein-Protein Interaction Trap
Mammalian protein-protein interaction trap (MAPPIT) is an elegant system in which the interaction between a bait and prey protein restores liganddependent cytokine receptor signaling (48) (Figure 2D ). MAPPIT relies on the unique properties of the JAK-STAT (Janus kinase/signal transducer and activator of transcription) signaling pathway, which is mediated by type I cytokine receptors (49) . MAPPIT is not a PCA application, but rather can be designated as a two-hybrid complementation system. MAPPIT is especially applicable to the analysis of signal transduction pathways, since the PPIs are detected in their normal physiological context in the cytoplasm. The readout exploits the nuclear translocation capability of activated STATs, and therefore the PPIs are not forced into the artificial context of the nucleus. In the first application of MAPPIT in cDNA screening, cytokineinducible SH2-containing protein (CIS) and suppressor of cytokine signaling-2 (SOCS-2) were identified as interactors of a phosphotyrosine-binding motif in the erythropoietin receptor (48) . A variety of other screens have been undertaken to identify interaction partners for various binding motifs (50) (51) (52) . Hence, MAPPIT provides a useful tool for the analysis of physiologically relevant, inducible protein interactions.
The reverse version of MAPPIT (rMAPPIT) generates a positive readout upon disruption of a PPI (53) . In rMAPPIT, the prey recruits a protein that inhibits receptor activity and STAT recruitment ( Figure 2E ). The disruption of the bait-prey interaction activates the receptor and results in transcription by STATs. This scheme was used to monitor drug effects on three different PPIs. Most recently, a three-hybrid version of the system, the so-called mammalian small molecule protein interaction trap (MASPIT), was generated (54) . As in Y3H, DHFR is fused to the receptor-bait, and displays a hybrid ligand consisting of MTX and the compound of interest. MASPIT was also adapted to screen a human cDNA for preys that specifically bind to known kinase inhibitors for Abl and Src kinases. A variety of kinases were identified that were previously not known to be targets of the compounds (54).
DIRECT VISUALIZATION OF PROTEIN INTERACTIONS IN VIVO

Fluorescence/Bioluminescence Resonance Energy Transfer (FRET/BRET) Assays
Fluorescence resonance energy transfer (FRET) using variants of the green fluorescent protein (GFP) has become a very important application for the characterization of PPIs in living cells (55) . FRET is a direct, radiationless energy transfer between two spectrumoverlapped fluorophores: the donor (CFP, cyan; BFP, blue) and the acceptor (variant GFP, green; YFP, yellow) molecules ( Figure 3A) . The bait protein of interest is linked to the donor whereas the prey protein is linked to the acceptor. An interaction between bait and prey brings the donor and acceptor fluorophores into close proximity with one another, resulting in FRET and emission of fluorescence from the acceptor. The technique is ideally suited to assess the real-time dynamics of complex formation and dissociation in vivo. Furthermore, the subcellular compartment where an interaction takes place can be readily determined. A drawback of standard FRET methods is that they often suffer from fluorescent background or photobleaching. Bioluminescence resonance energy transfer (BRET) was developed to avoid these problems by replacing the donor fluorophore with luciferase from Renilla reniformis (56, 57) .
BRET is especially applicable to studying the signaling and dynamics of receptor proteins, including GPCRs (58, 59) . In GPCR signaling, β-arrestin is recruited after activation of the receptor by compounds that function as receptor agonists. Conversely, antagonists block the signaling by agonists and β-arrestin recruitment. Recruitment of β-arrestin can be adapted for a screening scheme for GPCR agonists and antagonists using BRET (60) . In a screen for antagonists of the chemokine receptor CCR5, about 26,000 compounds were examined for inhibition of agonistpromoted β-arrestin recruitment (61). Of these, twelve compounds were identified that inhibited signaling by CCR5. Three of the potential hits were further tested using other functional assays, and their inhibitory role on agonist-stimulated GPCR signaling was confirmed. BRET has also been adapted for imaging the dynamics of a receptor-β-arrestin association at the single-cell level in real time (62) . The BRET-β-arrestin scheme can be understood as an example of how a pharmacologically relevant PPI can be applied for drug discovery in HTP screens.
Bimolecular Fragment Complementation
In bimolecular fluorescence complementation (BiFC), a PPI induces the complementation of a fluorescent protein from two dissected halves ( Figure 3B ). BiFC is therefore an adaptation of PCA. In an early application, BiFC between two nonfluorescent fragments of the yellow fluorescent protein (YFP) was used to investigate interactions among the bZIP and Rel family transcription factors (63) . Fragments of fluorescent proteins with different spectral characteristics allow the simultaneous visualization of interactions between different proteins in the same cell (multicolor BiFC) (64) . A large number of PPIs have been characterized and numerous applications of the methods have been reported (65) . BiFC has also been used in conjunction with cDNA libraries to screen for PPIs (66) .
BiFC reconstitutes a fluorescent protein and is therefore, in principle, more sensitive than FRET, which changes existing fluorescence signals. On the other hand, FRET allows association-dissociation analysis of PPIs, whereas in BiFC, the process of protein folding interferes with the dynamics of these processes. Recently, fragment complementation has also been adopted for luciferases.
Folding of Gaussia and Renilla
and Renilla and luciferases is reversible and therefore allows the dissociation of protein complexes to be monitored (67, 68) . However, activity of luciferase is dependent on the addition of the exogenous substrate luciferin, whereas BiFC is solely dependent on excitatory fluorescent light. Choosing a method for in vivo analysis of PPIs depends upon the specific requirements that each experiment presents in terms of sensitivity and dynamics.
Most intriguingly, BiFC, BRET, and a modified mammalian two-hybrid system have been applied for the detection of PPIs in living animals using sensitive molecular imaging technologies (69, 70) . These approaches could be a first step to real in vivo proteomics and provide us with the possibility to assess drug-specific effects on PPIs in the context of the whole organism.
Proximity Ligation In Situ Assay (P-LISA)
Approaches to assess PPIs in vivo generally involve genetic manipulation of the targeted proteins. Baits and preys that are fused to tags may become destabilized and/or mislocalized, thereby complicating their analysis in the natural context. Recently, an innovative study by Ulf Landegren and co-workers adapted the proximity ligation technology to perform high-resolution analysis of PPIs in situ (P-LISA; Figure 3C ) (71, 72) . Proximity probes are oligonucleotides attached to antibodies that bind proximal targets (73) . In P-LISA, two (or more) interacting proteins that are targeted by proximity probes guide the formation of circular DNA strands (72) . The DNA circles, in turn, serve as templates for localized rolling-circle amplification (RCA), which results in approximately 1000-fold amplification of a complementary ssDNA product that can be detected using fluorescent probes. P-LISA was successfully used to detect the association between c-Myc and Max.
The group could also demonstrate the disruption of the c-Myc/Max complex by an experimental compound that was previously identified by Y2H ( (28), see also section on yeast two-hybrid in drug discovery). Notably, P-LISA is not a real in vivo method, since the cells need to be fixed and permeabilized. On the other hand, in P-LISA the expression of target proteins is not affected or perturbed by genetic manipulation. Most importantly, the method allows the localized detection of interacting proteins down to the single-molecule level. Therefore, P-LISA occupies a unique niche and has great potential for use in interaction proteomics.
BIOCHEMICAL ANALYSIS OF PROTEIN INTERACTOMES Affinity Purification-Mass Spectrometry Approach
Biochemical isolation of protein complexes by affinity purification (AP) with subsequent identification of the purified complex components by mass spectrometry (MS) was successfully used for global interactome analysis in the yeast S. cerevisiae (74) (75) (76) (77) . AP-MS identifies multimeric protein assemblies, but does not indicate the precise physical associations within them. The readout is therefore distinct from that of the methodologies discussed in this review (e.g., Y2H, BiFC, PCA) that detect binary interaction pairs.
The tandem affinity (TAP) protein purification scheme is the most widely used AP-MS approach ( Figure 4A ). It allows for a two-step purification of tagged protein complexes under physiological conditions (78, 79) . Two groups used the TAP procedure in comprehensive surveys of the entire yeast proteome, in which all ORFs were tagged. These studies identified binding partners for a large fraction of the purified proteins and revealed that the yeast proteome can be partitioned into approximately 500 large protein assemblies (75) (76) (77) . More recently, the TAP approach has also been used to assess PPIs in signaling pathways in Drosophila melanogaster (80) 
and in
Drosophila melanogaster (80) and in Drosophila melanogaster human cells (81, 82) . One study addressed a signaling pathway that is triggered by the proinflammatory cytokine tumor necrosis factor TNF-α and leads to the α and leads to the α activation of the transcription factor NF-κB (81). Thirty-two components of the κB (81). Thirty-two components of the κ pathway were TAP-tagged and purified. In total, 221 interactions were identified, of which 10 were found to constitute new modulators of the pathway. The roles for these novel modulators in the TNF-α/NF-α/NF-α κB pathway were confirmed κB pathway were confirmed κ by the effect of small interfering RNA (RNAi)-mediated knockdown on NF-κB-κB-κ dependent luciferase expression.
The classical TAP-tag construct has limitations for its application in mammalian cells, mostly related to the low protein yields attained. Therefore, it is important to develop improvements and efficient procedures for AP-MS in mammalian cells. A modified TAP-tag that contains a protein G tandem repeat and the streptavidin-binding peptide (GS-TAP) results in a 10-fold increase in protein-complex yield when compared with the conventional TAP-tag (83) . Purifying the Ku70-Ku80 DNA-repair complex resulted in the successful isolation of both known complex components and a number of other proteins. In another study, a short TAP-tag consisting of a FLAG and a 6 × HIS tag was used × HIS tag was used × to purify the Pax7 transcription factor from satellite cells in skeletal muscle (84) . Pax7 was found to associate with a histone methyltransferase (HMT) complex that stimulates transcriptional activation of target genes to regulate entry into myogenic development. Currently, a large-scale approach is under way to tag about 200 oncogenes and other important disease-linked factors with the FLAG-6 × HIS tag in murine stem cells by trans-× HIS tag in murine stem cells by trans-× fection and "knock-in" by homologous recombination (A. Emili, J.F. Greenblatt, J. Rossant, personal communication). Transgenic mice expressing these tagged oncogenes will be used to address differential interaction patterns in various tissues. Moreover, a genome-wide collection of lentiviral expression vectors for the tandem affinity tagging of all human ORFs is currently being devised and assembled (J. Moffat, A. Gramolini, J.F. Greenblatt, and A. Emili, personal communication).
Although AP-MS will remain a very important tool to examine PPIs, there is a compelling need to develop alternative methods to complement the data generated from TAP studies. The relatively stringent biochemical isolation of protein complexes in the two-step procedure enriches for strong and constitutive PPIs, whereas weak and transient PPIs tend to be disrupted (85) . Thus, transient stimulus-dependent PPIs may not be always correctly detected by isolation of a protein complex from a large culture of cells. We discuss three novel methods that use different approaches in sample preparation and in the identification of PPIs.
Cross-and-Capture System
Recently, our group developed the Cross-and-Capture system ( Figure 4B ), a simple one-step pulldown approach in S. cerevisiae that can be used to confirm known or predicted protein associations, as well as to screen for novel protein complexes (86) . Approximately 500 proteins with known function in DNA metabolism or with nuclear localization were differentially tagged as baits and preys with short hexahistidine or triple vesicular stomatitus virus (VSV)-tags in the two haploid yeast mating backgrounds (a and a and a α). Upon combination and mating of bait and prey strains, bait proteins were isolated using nickel beads, and proteins were detected by anti-VSV Western blot analysis. Cross-and-Capture was successfully used to detect approximately 30 known, predicted, or unknown protein complexes (86) . Currently, our laboratory uses the Cross-and-Capture system in other medium-to large-scale applications, such as the systematic study of protein modifications.
Luminescence-based Mammalian Interactome Mapping
The Wrana laboratory developed LUMIER (luminescence-based mammalian interactome mapping), an automated HTP technology for the systematic mapping of PPI networks in mammalian cells ( Figure 4C ) (87) . LUMIER was applied to the pathway that is induced by transforming growth factor-β (TGFβ). Screening for PPIs was done by co-precipitating core components of the TGFβ pathway that were fused to the Renilla luciferase enzyme with 518 3 × FLAG-tagged cDNA encoded proteins. LUMIER detected pathway-specific interactions that were either constitutive or dependent on TGFβ-signaling and revealed critical connections to other signaling networks, such as the p21-activated kinase (PAK) and occludin, a protein that is associated with tight junctions and cell polarity. Further application of LUMIER to other signaling pathways will undoubtedly reveal the full potential of this approach in mammalian proteomics.
Quantitative Immunoprecipitation Combined with Knockdown
Proteins that co-purify nonspecifically with a targeted protein complex often complicate identification of the interaction partners by MS. The laboratory of Matthias Mann developed the so-called QUICK (quantitative immunoprecipitation combined with knockdown) methodology, which is ideally suited to circumvent this problem ( Figure 4D ) (88) . The stable isotopic amino acids in cell culture labeling (SILAC) (89) approach was used to differentially label proteins in two different cell cultures. In one culture (control), the target protein was knocked down with a RNAi. After protein extraction, the lysates were mixed in equal parts and immunoprecipitated with a specific antibody for the target protein. The differentially labeled proteins in the precipitate were then identified by MS. Proteins that display both isotopes can then be assigned to the unspecific background, whereas proteins that are not labeled with the isotope from the control culture represent true associations with the target protein. QUICK circumvents protein tagging and addresses the dynamics of PPIs in an undisturbed cellular environment. On the other hand, the QUICK methodology requires specific antibodies for every target protein and schemes for isotope Interacting proteins are bound by specific antibodies that are covalently linked to specific oligonucleotides (proximity probes). Close localization of the proximity probes enables complementary connector oligonucleotides to bind. Bound connector oligonucleotides form a circular structure that can be covalently joined by DNA ligases (green dots), with the resulting molecule serving as a template for rolling circle amplification (RCA). The RCA product can be detected by hybridization of a fluorescence-labeled probe specific for a recognition sequence in the product (yellow lines). P-LISA is not an in vivo assay since the cells are permeabilized and fixed.
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TAP-MS Cross-and-Capture LUMIER QUICK Proteins that specifically associate with the target display only the light isotope, whereas proteins that display both light and heavy isotopes do not interact with the target.
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labeling and MS. However, QUICK could be more easily adapted for large-scale screening in the future, once interfering RNA and antibodies for a large number of human proteins are available.
FUTURE DIRECTIONS
False positives or spurious interactions are estimated to occur at a high frequency in large-scale PPI studies (90, 91) . Moreover, interactome datasets from different studies are incomplete with a large number of false negatives and are biased toward particular cellular environments and pathways that were emphasized in the screening procedure. The result is that overlap between different sets of protein interaction data that have been generated using different methods tends to be weak (90) . This is even the case for the first global Y2H studies that explored the interactome of yeast S. cerevisiae (16, 17) . Therefore, refined PPI screening and confirmation strategies will have to be put in place to increase the validity of interaction maps. Additionally, integration with other qualitative and quantitative information will be required to validate the associations inferred by the PPI networks (92) .
According to a recent estimation, about 50% of the yeast S. cerevisiae interactome has been explored so far, whereas the estimation for PPIs in humans is considerably lower at about 10% (93) . Because of this, our knowledge of the mammalian interactome is not comparable with that of yeast. In yeast, the information on PPI networks is supported by an amassed knowledge of genetic interactions, protein expression levels, and protein localization (13, 94) . The inherent complexity of the mammalian proteome poses another challenge. It not only encodes ∼5 times more ORFs than yeast, but it is also expressed in a multitude of splice variants. Also important to note is that mammalian cells are organized in tissues and organs with diverse functions. We expect that the impressive toolbox of technologies that we present in our review will eventually reveal many aspects of the entire human interactome.
The large number of PPIs that will emerge from the combined efforts in interactive proteomics studies is expected to reveal a multitude of targets for novel therapeutics in various diseases (95, 96) . PPIs may not be as amenable for direct therapeutic intervention as catalytic sites in enzymes, since they are not naturally evolved to accommodate small molecules. Progress is being made, however, toward the development of inhibitors that affect PPIs in pathways that are relevant in cancer (97, 98) . In the notable case of the p53 oncoprotein, a highly potent and selective class of inhibitors has been identified that prevents the binding and targeting of p53 by the Mdm2 ubiquitin ligase (97, 99) . As pointed out in this review, compounds that disrupt PPIs that are important for signaling by oncoproteins were also identified in modified Y2H screens (28, 29) . Undoubtedly, innovative approaches in interactive proteomics are not only crucial to explore PPI interaction networks, but will also be important for identification of therapeutic targets and therefore contribute to human healthcare. 
